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Background: Dynamin proteins shape membranes by
promoting membrane curvature, fission, and fusion.
Results: Cryo-EM demonstrates how the dynamin-re-
lated protein Mgm1 assembles onto and tethers mem-
branes followed by nucleotide-dependent conformational
changes.
Conclusion: Mgm1 may mediate mitochondrial fusion
by bridging opposing membranes and undergoing struc-
tural transitions.
Significance: This study provides new mechanistic
details of how dynamins may function as fusion
molecules.

Cellular membrane remodeling events such as mitochon-
drial dynamics, vesicle budding, and cell division rely on the
large GTPases of the dynamin superfamily. Dynamins have
long been characterized as fission molecules; however, how
they mediate membrane fusion is largely unknown. Here we
have characterized by cryo-electron microscopy and in vitro
liposome fusion assays how the mitochondrial dynamin
Mgm1 may mediate membrane fusion. Using cryo-EM, we
first demonstrate that the Mgm1 complex is able to tether
opposing membranes to a gap of �15 nm, the size of mito-
chondrial cristae folds. We further show that the Mgm1 oli-
gomer undergoes a dramatic GTP-dependent conforma-
tional change suggesting that s-Mgm1 interactions could
overcome repelling forces at fusion sites and that ultrastruc-
tural changes could promote the fusion of opposing mem-
branes. Together our findings provide mechanistic details of

the two known in vivo functions of Mgm1, membrane fusion
and cristae maintenance, and more generally shed light onto
how dynamins may function as fusion proteins.

Members of the dynamin superfamily are conserved in yeast,
plants, and higher eukaryotes including humans. They share
sequence homology, structural motifs, biochemical character-
istics, and the ability to self-assemble into ordered structures
and interact with cellular membranes. At the same time, they
are implicated in diverse fundamental cellular processes involv-
ing membrane binding such as membrane fission and mem-
brane fusion, plant cell plate formation, and chloroplast
biogenesis (1, 2). A key question is, therefore, whether they all
share a commonmechanism of action. The mechanism of how
dynamins mediate fission is largely evident from in vitro struc-
tural studies indicating membrane tubulation upon protein
self-assembly and formation of highly ordered helical struc-
tures composed of repeated T-shaped dimers (3–10). The pro-
tein molecules dimerize via their G domain interface, and the
dimers self-assemble into helical structures via the stalk (mid-
dle domain and GTPase effector domain (GED)) interface (11–
14). Cryogenic-electron microscopy (cryo-EM)4 of dynamin
and of Dnm1, which are involved in mitochondrial division,
showed constriction of the lipid tubes in the presence of GTP
and nonhydrolyzable analogs (6, 9, 15, 16) that is proposed to
facilitate fission. In contrast to the detailed knowledge on the
role of dynamin proteins in fission, exactly how the dynamin-
related proteins (DRPs) of themitochondrion promote fusion is
unclear.
Mgm1 is a yeast DRP that has two important functions in the

cell: mitochondrial membrane fusion and the formation and
maintenance of cristae structures. The mechanism of action of
the protein has yet to be determined, but requires two isoforms,
an inner membrane-bound l-Mgm1 and an intermembrane
space s-Mgm1; both isoforms contain a lipid-binding domain
that is required for their in vivo function (17, 18). Recent studies
showed that a functional GTPase domain is only required for
s-Mgm1 function, andwith their differential localizations along
the mitochondrial inner membrane, both isoforms are pro-
posed to have distinct roles (19). l-Mgm1 is proposed to serve a
structural role, and s-Mgm1 is thought to use the energy ofGTP
binding and hydrolysis to drive the fusion reaction. In this
study, we have focused on the possiblemechanistic actions that
s-Mgm1 may have by employing in vitro biochemical assays
with purified proteins and liposomes as a model mitochondrial
membrane. We demonstrate that s-Mgm1 can both tether
membranes to likely support inner membrane cristae struc-
tures and also undergo a striking GTP-dependent conforma-
tional change that could promote the fusion of opposing
membranes.
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EXPERIMENTAL PROCEDURES

Protein Expression and Purification—s-Mgm1was expressed
and purified as described previously (20). In brief, cells were
induced with 50 �M isopropyl-1-thio-�-D-galactopyranoside.
Protein was purified by nickel-nitrilotriacetic acid resin and
size exclusion chromatography and stored at �80 °C.
Liposome Preparation—Liposomes were prepared from

1,2-dioleoyl-sn-glycero-3-phospho-L-serine and inner mito-
chondrial (IM) phospholipid composition as follows: 38% 1,2-
dimyristoyl-sn-glycero-3-phosphocholine, 24% 1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine, 16% L-�-phosphatidylinositol,
16% 1�,3�-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-glyc-
erol, 4% 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine, and
2% 1,2-dimyristoyl-sn-glycero-3-phosphate, as described
previously (17).
Electron Microscopy—For cryo-EM, thin vitrified specimens

were prepared at controlled temperatures and saturation and
examined at cryogenic temperatures as described previously
(21). Images were recorded at low-dose conditions tominimize
beam exposure and electron beam radiation damage on an
Ultrascan 1000 cooledCCDcamera (Gatan).Negative stainwas
done as described previously (6, 10). Two-dimensional crystals
were grown and manipulated as described previously (18).
Images were recorded, developed, and scanned as described
previously (22). Eighteen digitalized images of non-tilted
crystals were processed by the 2dx image program (23) with
20 Å set as the upper resolution limit for the nonsymmetrized
maps. Approximately 50 micrographs were analyzed for each
set of experimental conditions in the structural transition anal-
ysis. Lattices were categorized into four groups according to
their symmetry.
NBD-rhodamine Lipid Mixing Assay—Labeled liposomes

containing 0.8% NBD and 0.8% rhodamine were prepared as
described previously (24). In the lipid mixing assay, labeled and
unlabeled liposomes weremixed at the ratio of 1:9 to obtain the
final concentration of 50 �M liposomes. NBD signals were
monitored by a spectrophotometer before and after proteins
were added. The percentage of lipid mixing is calculated by
100�(I(t) � I(0))/(I(∞) � I(0)), with I(0) and I(∞) as residual
and maximal NBD signals, respectively. Maximal level of NBD
was obtained by lysing the liposomes with C12E8 detergent. the
percentage of total lipid mixing was determined after 60 min.

RESULTS AND DISCUSSION

s-Mgm1 Assembles onto the Surface of Liposomes and Forms
Protein Bridges to Promote Membrane Tethering—Using lipo-
somes reflecting IM lipid composition, we have previously
demonstrated by negative stain electron microscopy that
s-Mgm1 assembled onto liposomes and promoted liposome
aggregation (17). We have extended and refined our character-
ization of s-Mgm1-membrane associations. Cryo-EM analysis
shows that s-Mgm1 self-assembles onto both phosphatidylser-
ine (PS) liposomes (Fig. 1, C–E) and IM liposomes (Fig. 1F).
Strikingly, images reveal liposome tethering by s-Mgm1 (Fig. 1,
C,D, and F), through protein assembly onto both of the oppos-
ing membranes, creating protein bridges with a characteristic
tethering distance of �15 nm (Fig. 1, D and F, insets). Interest-

ingly, s-Mgm1 assembles onto liposomes independent of the
presence of cardiolipin. Thismorphology of protein assembly is
consistent both with the size of an s-Mgm1 dimer (18) andwith
the biological function ofMgm1 inmediatingmembrane fusion
and possibly mitochondrial cristae maintenance. These data
suggest that s-Mgm1 homo-complexes may act in trans like a
zipper to tether the two membranes together to stabilize inner
membrane folds and possibly facilitate fusion. Identifying this

FIGURE 1. s-Mgm1 assembles onto and tethers liposomes. A and
B, cryo-EM images of PS and IM liposomes, respectively. Arrowhead in B points
to round liposome, and arrow points to the border of flat IM membrane. C and
D, cryo-EM images show tethered PS liposomes and protein bridges (arrow-
heads). E and F, cryo-EM images show a crystalline protein array on PS (E) and
IM (F) liposomes. The diffraction spots in F show the three-fold lattice symme-
try. Arrowhead and arrows (E, upper inset) mark protein bridges and lipid
bilayer. Lower inset shows T-shaped s-Mgm1 structures (arrowhead) on the
outer liposome surface. G and H, cryo-EM images of crystalline arrays of
s-Mgm1 in the presence of GMPPCP on PS (G) and IM (H) liposomes. Scale bar
is 100 nm (A–H), 25 nm (inset in D), and 50 nm (insets in F). Schematics on the
right summarize the observations from the cryo-EM images on the left. Yellow
and orange circles represent PS and IM liposomes, respectively. At the periph-
ery of the liposomes, a pair of light and dark gray structures represents the side
view of an s-Mgm1 dimer. The ring of light and dark gray structures represents
the top view of s-Mgm1 oligomers. Upon the addition of GMPPCP (from mid-
dle to bottom panels), the hexameric array of s-Mgm1 reorganizes into a
square array.

FIGURE 2. s-Mgm1 can transform liposomes into protein-decorated
tubes. Tubes are created with both PS (A) and IM (B and C) liposomes, without
and with nucleotides as indicated. s-Mgm1 and lipid concentrations are 0.7
and 0.45 mg/ml respectively. Scale bar is 100 nm.
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unique tethering activity ofMgm1might explain themechanis-
tic requirement for Mgm1 in maintaining proper inner mem-
brane cristae topology, a vital in vivo function for this protein.
Additionally, a highly ordered crystalline array of s-Mgm1 is

frequently observed on the liposome surfaces (Fig. 1, E and
F), and occasionally, perimeter structures resembling the
T-shaped dimer of dynamin (Fig. 1F, inset). Crystalline assem-
bly is more evident on IM liposomes due to the high content
(16%) of cardiolipin, which has an inherent tendency to flatten

as compared with PS liposomes (Fig. 1,A and B). Like dynamin,
many DRPs, including Dnm1 and optic atrophy 1 (OPA1, the
mammalian ortholog of Mgm1), form protein-lipid tubes (7–9,
16, 25). s-Mgm1 also transforms liposomes into protein-deco-
rated tubes (Fig. 2, A–C), but infrequently. Instead, and
uniquely, the majority of s-Mgm1 structures are tethered
lipid bilayers and protein-lipid flat crystals, which agrees well
with the suggested in vivo functions of this protein within
mitochondria.

FIGURE 3. s-Mgm1 oligomeric arrays undergo a nucleotide-dependent structural transition that enhances s-Mgm1 membrane fusion activity. A, EM
images of s-Mgm1 arrays on IM liposomes in the presence (right) and absence (left) of GTP. B, corresponding two-dimensional crystal analysis on protein
crystalline arrays. Scale bar is 100 nm. Two-dimensional Fourier transform analysis and projection maps show the average patterns of s-Mgm1 arrays. C, cryo-EM
images of GTPase mutants, S224A and T244A, and a lipid-binding mutant K566A. Upper panels: cryo-EM images of ordered protein arrays on IM liposome
formed by S224A (left) and T244A (right). Arrows mark hexameric arrays. Lower panels: K566A does not assemble onto liposomes nor alter their morphology
(compare left and right images). Scale bar is 100 nm. D, quantification of the nucleotide-dependent structural transition as categorized into four lattices,
hexameric, square, mixed, or none. s-Mgm1-bound IM liposomes were incubated with buffer containing no nucleotide or 2 mM nucleotide as indicated.
E, quantification of wild-type, S224A, and T244A s-Mgm1 assembly onto IM liposomes, categorized into four lattices. Analysis shows a nucleotide-induced
transition from hexameric to square lattice. F, NBD-rhodamine assay showing the lipid mixing activity of Mgm1. Wild-type s-Mgm1 causes lipid mixing in a
concentration-dependent manner, whereas the lipid mixing activity of the lipid-binding mutant K566A is significantly impaired. No activity is found for the
control (bovine serum albumin, BSA). G, the lipid mixing of the inner leaflet only by s-Mgm1 was monitored by dithionite treatment. s-Mgm1 lipid mixing
activity was monitored by the fusion of dithionite-treated and untreated labeled liposomes indicative of the mixing of the inner leaflet phospholipids only and
total phospholipids, respectively. Detergent was added to determine the maximal NBD signals. H, GTP enhances Mgm1 lipid mixing activity. Arrow points to the
3-min point after the fusion has been initiated. GTP (1 mM) increases the total lipid mixing by wild-type s-Mgm1 (0.125 �M). I, the bar graph shows that GTP
addition increased total lipid mixing induced by wild-type s-Mgm1 but not by the GTPase mutants S224A and T244A. Three separate experiments were
performed. Basal levels of lipid mixing were normalized to 100%. The error bars represent standard deviations.
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s-Mgm1 Lipid-bound Oligomers Undergo a Nucleotide-de-
pendent Conformational Transition—Nucleotide-dependent
conformational changes have been observed in several
dynamin proteins (6, 15, 16). Hence, we investigated whether
s-Mgm1 undergoes such structural transitions. EM images as
well as two-dimensional crystallization analysis of the lattices
by Fourier transformation and image processing showed a
hexameric (flower-like) (26) three-fold symmetry lattice (Figs.
1F and 3, A and B, left panels), consistent with two previous
studies (17, 18). A structural transition in the crystalline array to
a square lattice is observed by the addition of 1mMGTP and/or
its nonhydrolyzable analog GMPPCP (Fig. 1,G andH, and 3, A
andB, right panels) after allowing s-Mgm1 to bind to liposomes.
Notably, this complete rearrangement of the lattice has not
previously been reported for Mgm1, yet, importantly, it is very
consistent with the fact that nucleotide binding induces trans-
formations that promote the activity of other dynamin family
members. The constriction in the planar packing of the pro-
tein-lipid lattice is clearly evident in both the EM images and
the projectionmaps (Fig. 3B).We note that atlastin, a dynamin-
like GTPase involved in endoplasmic reticulum morphology
and fusion, has also been shown to tethermembranes (27). Fur-
ther, atlastin nucleotide-bound states suggest conformational
changes upon GTPase activity (28). Thus, our data might sug-
gest a new yet conservedmechanism for DRP-mediated fusion.
Indeed, we directly show that Mgm1 membrane-bound oligo-
mers undergo a GTP-dependent conformational change. We
propose a model where this structural transition promotes a
possible membrane deformation that can facilitate mitochon-
drial membrane fusion (Fig. 4).
Quantitative analysis of the structural transition from hexa-

meric to square lattice suggested a GTP-bound state because it
was observedwithGMPPCP andGTP (Fig. 3D). To directly test
this, we found that the GTPase mutants S224A and T244A
predominantly created the hexameric lattice, demonstrating
that they retain the basal ability to assemble onto the lipid
bilayer (Fig. 3, C and E). However, they could not undergo this
GTP-dependent structural transition and displayed the same

hexameric lattice with and without nucleotides (Fig. 3E), fur-
ther demonstrating that nucleotide binding and/or hydrolysis
is the driving force behind the lattice transformation.
To investigate the functional significance of the GTP-depen-

dent structural transitions, we monitored potential s-Mgm1
membrane fusion activity using a well characterized NBD-rho-
damine lipid mixing assay (24, 29). We showed that s-Mgm1
promoted IM lipid mixing in a dose-dependent manner inde-
pendently of nucleotide (Fig. 3F). Furthermore, we confirmed
that this lipid mixing activity is dependent on the lipid binding
activity as the lipid-binding mutant K566A was significantly
impaired (Fig. 3F). Importantly, no spontaneousmixing of lipo-
somes was found using BSA as control (Fig. 3F). Further, we
fond by dithionite treatment of liposomes that the lipid mixing
we were monitoring was that of the outer leaflet as s-Mgm1
does not induce lipidmixing of the inner leaflet of the liposome
bilayer (Fig. 3G).
Although nucleotide was not absolutely required for s-

Mgm1-mediated lipid mixing shown in this NBD-rhodamine
assay, the addition ofGTP enhances the rate and amount of this
lipidmixing. After IM liposome fusionwas induced by the addi-
tion of s-Mgm1 for 3 min, 1 mM GTP was added (indicated in
Fig. 3H by an arrow). In comparison with the sample that has
only added buffer (gray diamond), the initial rate of fusion and
the total lipid mixing was higher by the addition of GTP (black
square) (Fig. 3H).We repeated the experiments with the nucle-
otide mutants S224A and T244A and monitored the total lipid
mixing after 60 min of reaction. Importantly, GTP was unable
to stimulate the basal rate of lipid mixing with the nucleotide
mutants S224A and T244A as compared with WT s-Mgm1
(Fig. 3I). Therefore, these data suggest that GTP binding and
hydrolysis enhance liposome fusion likely by inducing confor-
mational changes, as we have demonstrated by the cryo-EM
images.
Although the GTP-induced structural transition is reminis-

cent of dynamins, the mechanical forces that would be trans-
ferred to the membrane would likely be quite distinct, suggest-
ing a key mechanistic difference in how these related proteins
function. Dynamin and s-Mgm1GTPase activity is highly stim-
ulated in the presence of lipid (17, 18, 30–32), suggesting that
these proteins use the hydrolysis energy to apply force on the
membrane while performing their biological activity: mem-
brane fusion by s-Mgm1 and fission by dynamin. However,
their different biological activity reflects the unique structures
they form in vivo and in vitro. Dynamin shapes liposomes in
vitro into helical tubes, with a diameter similar to that of endo-
cytic buds. GTP hydrolysis induces conformational changes
that generate force, which constricts and twists the underlying
membrane, decreasing the distance between the bilayers as a
step toward fission (6, 13–15, 27, 28) (Fig. 4). Our data point to
Mgm1 as an unconventional dynamin-like protein, uniquely
acting to bridge the bilayers of opposing membranes and
anchor them at a fixed distance, to both support mitochondrial
inner membrane cristae structures and promote the fusion of
opposing membranes. In addition, we propose that the GTP-
dependent conformational transitions and GTP hydrolysis
could constrict or deform the membrane to promote mem-
brane fusion (Fig. 4).

FIGURE 4. Models of Mgm1-mediated membrane fusion. A model depict-
ing the function of dynamin in fission (left), and s-Mgm1 in fusion (right). Both
dynamin and Mgm1 shape membranes in vivo and in vitro. Dynamin dimers
assemble into a helical collar, which upon GTPase activity constrict the under-
lying membrane to mediate fission. We propose that s-Mgm1 forms a homo-
oligomeric complex in trans to create protein bridges and ordered lattices
that tether opposing membranes to support mitochondrial inner membrane
cristae structures, and to also undergo a GTP-induced transition to promote
fusion.
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Given that Mgm1/OPA1 is an important human disease
gene, our demonstration of its biophysical properties will direct
future studies to reveal mechanisms of disease. Specifically,
identifying and characterizing the protein/protein interfaces
that both stabilize the latticework and allow for the gross nucle-
otide-dependent conformational changes will further reveal its
in vivo function. In addition, future studies will need to incor-
porate the long isoform of Mgm1 to fully understand the
breadth of the in vivo activities ofMgm1.These studieswill help
to uncover the mechanistic roles of other membrane-fusing
proteins in the cell and the unique biophysical properties
required to regulate membrane dynamics.
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